Recent studies show that there is tension between the de Sitter swampland conjectures proposed by Obeid, et al. and inflationary cosmology. In this paper, we consider an alternative to inflation, "tachyacoustic" cosmology, in light of swampland conjectures. In tachyacoustic models, primordial perturbations are generated by a period of superluminal sound speed instead of accelerating expansion. We show that realizations of tachyacoustic Lagrangians can be consistent with the de Sitter swampland conjectures, and therefore can in principle be consistent with a UV-complete theory. We derive a general condition for models with cS > 1 to be consistent with swampland conjectures.
I. INTRODUCTION
String theory is so far the most prominent candidate of an ultraviolet (UV) complete theory of fundamental interactions, including gravity, which can be used to describe the early universe. However, it has recently been conjectured that the vast "landscape" of string vacua is surrounded by an even larger "swampland" of lowenergy effective field theories (EFTs) which have no consistent UV completion [1] . A number of conjectures have been proposed describing properties of low-energy EFTs which can be used to distinguish those with a consistent UV completion from "swampland" theories with no such completion, with perhaps the best studied being the Weak Gravity Conjecture [2] . More recently, Refs. [3, 4] have conjectured that theories containing de Sitter vacua are in the swampland, and propose "de Sitter swampland" conjectures which must be satisfied for any consistent EFT limit of quantum gravity. The first conjecture is that there is an upper bound on the range transversed by scalar fields in field space
where M P = (8πG) −1/2 is the reduced Planck mass. The second conjecture [3] , states that for UV-complete EFTs, there is a lower bound on the logarithmic gradient of the scalar field potential V (φ)
The conjectures (1,2) have been extensively studied in the context of inflationary cosmology [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The general conclusion is that simple single-field inflation models are in strong tension with the swampland conjectures, while models beyond a single scalar field can in principle be consistent, for example Warm Inflation [9, 14, 20, 21] , or inflation involving generation of perturbations by an additional field [7] . Here, we offer a different point of view by asking if there are viable theories of the early Universe other than inflationary cosmology which are consistent with the swampland conjectures (1) and (2). Refs. [22] [23] [24] [25] considered general conditions on cosmology for the generation of primordial perturbations consistent with observation, and found four general classes of models, assuming standard General Relativity:
1. A period of accelerated expansion (i.e. inflation).
2. A speed of sound faster than the speed of light.
3. Violation of the Null Energy Condition.
4. Inherently quantum-gravitational physics.
In this paper, we consider models of the second class, in particular "tachyacoustic" cosmology, a type of k-essence model proposed by Magueijo [26] and by Bessada et al. [27] . As an alternative to inflation, tachyacoustic cosmology solves the horizon problem and creates a nearly scale invariant power spectrum via a superluminal speed of sound, c S > 1. (Although this special type of model involves superluminal sound speed, it has been argued that such fields do not violate causality and are as consistent as models with subluminal speed of sound [28] .) We show that some (but not all) tachyacoustic cosmological models are consistent with the de Sitter swampland conjectures. In particular, we explain how the speed of sound plays the key role to determine whether or not a given model is consistent with swampland conjectures. Furthermore, we show that if the potential of the scalar field satisfies a certain general form, the two swampland criteria set the same condition on the tachyacoustic cosmology, i.e. consistency with one of the swampland conjectures guarantees consistency with the other.
The rest of this paper is organized as follows. In Sec. II, we briefly review tachyacoustic cosmology. Section III is the main body of this paper, in which we derive general constraints on tachyacoustic models, and compare with the de Sitter swampland conjectures. In Sec. IV, we use the exact solution of two models introduced in Ref. [27] to show that these general arguments hold in specific re-alizations of tachyacoustic Lagrangians. The conclusion is in Sec. V.
II. TACHYACOUSTIC COSMOLOGY
In this section, we review the exact tachyacoustic solutions derived in Ref. [27] , based on the generalization of the inflationary flow formalism [29] introduced by Bean et al. [30] . The attractor behavior and non-Gaussianity of these solutions were studied in Refs. [31] and [32] , respectively.
Consider a general Lagrangian of a scalar field with the form L = L[X, φ], where X = 1 2 g µν ∂ µ φ∂ ν φ is the canonical kinetic term. Homogeneous modes of this scalar field form a perfect fluid with energy-momentum density
where
Here, the subscript "X" indicates a derivative with respect to the canonical kinetic term, L X ≡ ∂L/∂X. The sound speed is given by
so that the canonical limit L XX = 0 leads to c S = 1. We take a metric of the flat Friedmann-Robertson-Walker (FRW) form,
The Friedmann, Raychaudhuri, and continuity equation are
where a(t) is the scale factor and H =ȧ/a is the Hubble parameter, and the resulting equation of motion for the field φ isφ
For monotonic field evolution, one can instead use Hamilton Jacobi approach [30, [33] [34] [35] [36] , in which the Hubble parameter H is treated as a fundamental quantity and all quantities are expressed as function of φ. In the homogeneous limit,φ = √ 2X, the same dynamics is given by the master equatioṅ
and the Hamilton Jacobi equation
where the prime denotes a derivative with respect to the field. With the convention of the number of e-folds N defined as
the differential dN can be re-written in terms of dφ by:
Unlike the canonical case [29] , which only contains a single hierarchy of Hubble slow roll parameters and the corresponding flow equations, in the k-essence generalization, one has to introduce three hierarchies of flow parameters and flow equations, since not only the Hubble parameter H(φ) both the sound speed c S and L X can vary with time (for details, see Refs. [27, 30] ). The first parameters of these three sets of flow parameters are given by
Refs. [27, 37] derive a class of exact solutions to Eqs. (17, 18, 19) such that the flow parameters , s, ands are all held constant, and the hierarchies of flow equations are satisfied exactly to all order. In this class, the quantities H, c S , and L X can be solved exactly as
in which the number of e-folds is chosen to be zero when the sound speed is equal to one, and H 0 ≡ H(N = 0) and A ≡ L X (N = 0) are the corresponding values of the Hubble parameter and L X respectively. Substituting H(N ) and L X (N ) from Eq. (20) into Eq. (16), one can solve for the evolution of field as a function of the number of e-folds
where φ 0 is the field value when c S = 1, and the coefficient A and φ 0 are related as
From Eqs. (20, 21, 22) , the quantities H, c S and L X in terms of φ are
From Eqs. (20, 15) , one can show that the background evolution is a power law
so the comoving Hubble horizon is proportional to the conformal time
and the acoustic horizon evolves as
Note that the condition of a shrinking acoustic horizon is 1 − − s > 0, which is different from a shrinking Hubble horizon < 1. The curvature perturbation is generated at the acoustic horizon, which is larger than the Hubble horizon when c S > 1, and therefore the horizon problem can be solved in a non-inflationary expansion scenario. From Eqs. (7, 24, 25) , one can write the speed of sound c S in terms of L X :
where C is defined as
Note that the constant C is not a free parameter, but is fixed to be unity by the condition that the Lagrangian reduces to the canonical form L = X − V in the limit c S → 1, as is evident from Eq. (29) . This condition sets the energy scale of φ 0 to be of order M P . The righthand side of Eq. (29) can be expressed as a differential equation of L(X, φ),
where n is defined as
Therefore, one can construct a Lagrangian based on a given relationship between the parameters s ands. The tachyacoustic solutions investigated in [27] are n = 0 (a Cuscuton-like model), and n = 3 (a Dirac-Born-Infeld (DBI)-like model). Below, we summarize the results derived in Ref. [27] : the reader is referred to this paper for details. The case n = 0 or equivalentlys = −2s, has a Lagrangian of the form
This has the form of a "Cuscuton" theory [38] [39] [40] [41] , with a kinetic term linear in the field velocity. We keep the constant C as an parameter in Eq. (33) and implicitly in f (φ) (34) since this is the form used in Ref. [27] . In the later discussion we will set C = 1. The Hubble parameter and sound speed are given by:
The Lagrangian of the DBI-like model, withs = s, or n = 3 and C = 1 is
with
The Hubble parameter and sound speed are given by:
Within the framework of constant flow parameters, the cosmological perturbation can be solved exactly at the linear level [27] . The scalar spectral index of perturbations for a tachyacoustic solution is given by
which has a scale invariant limit, s = −2 . Radiationdominated tachyacoustic expansion, which we will take here as a fiducial model, has = 2, with spectral index
III. TACHYACOUSTIC COSMOLOGY TESTED BY SWAMPLAND CRITERIA
In this section, we derive general scaling rules relating tachyacoustic Lagrangians with the de Sitter swampland conjecture (1). We then derive a general relation between models which satisfy the condition (1) and the second de Sitter swampland conjecture (2) for the case of potentials having the leading order behavior of a power law in the sound speed, which is the case considered here.
To generate perturbations on a range of scales k consistent with observation, we must have a sufficient number of e-folds of evolution, which from Eq. (28) results in a bound ∆N O(10). (Our results are not sensitive to the exact number of e-folds assumed.) We can obtain a general relation between ∆N and the field excursion ∆φ using Eqs. (16, 17) ,
where the plus sign corresponds toφ < 0 and the minus sign corresponds toφ > 0. For φ positive, the DBI-like model hasφ < 0 and the Cuscuton-like model hasφ > 0. Substituting Eq. (29) with C = 1 into Eq. (45), we can make c S explicit in the relation between the field excursion and the number of e-folds as
where β ≡ 2s/s, which for the Cuscuton-like model is
and for the DBI-like model is
We immediately see that the Cuscuton-like model satisfies the criterion (1), since ∆φ ∝ c −1
S ∆N with c S 1. By contrast, the DBI-like model has ∆φ ∝ √ c S ∆N , which fails the criterion (1) in the limit c S 1. 1 Moreover, Eq. (46) shows generally that the condition to pass the first swampland criterion (1) is β = 2s/s < 0.
We can relate this in a general way to the second criterion 2 as follows: If we consider the scale invariant limit in the case of a radiation-dominated background, i.e. s = −4, from Eq. (20) we can see that the sound speed drops rapidly as
so that it is consistent to take c S O(1). Then we can rewrite the logarithmic gradient of the scalar field potential in terms of the derivative with respect to sound speed as
Now, if the leading-order behavior of the potential is a power law in c S (which is the case for all potentials considered here), then the leading-order behavior of the derivative is
From the relation (24),
so that we have
where β = 2s/s. Substituting Eq. (51) and Eq. (53) into Eq. (50) gives
which shows that the condition to pass the second swampland criterion (2) is also to have β = 2s/s < 0. From Eq. (52) we also have
Therefore, for any potential having the leading order behavior of a power law in c S , the condition to satisfy both swampland conjectures is β = 2s/s < 0. The Cuscutonlike model, having β = −1, passes both of the swampland criteria but the DBI-like model, having β = 2, does not.
In the next section, we use the algebraic formulas in Sec. II to confirm this result.
IV. TESTING EXACT SOLUTIONS: THE CUSCUTON-LIKE AND THE DBI-LIKE MODELS
In this section, we examine in more detail swampland constraints on the models discussed in Sec. II. It is convenient to use the variable x defined as x ≡ φ/M P , and a constant α ≡ φ 0 /M P ∼ O (1) to express the field in units of the reduced Planck mass directly. In terms of variable x, the first swampland conjecture Eq. (1) reads as
and the second swampland conjecture Eq. (2) reads as
A. the Cuscuton-like model:s = −2s
Substituting the Cuscuton conditions = −2s and s = −4 into Eq. (21), the field evolves as
In terms of the variable x ≡ φ/M P and α = 1/2 from the condition of C = 1 , Eq. (58) becomes
Remembering that early time and c S 1 correspond to N → +∞, we consider exclusively the region N > 0. (In fact, from Eq. (35) it's easy to show that the potential quickly becomes negative once the sound speed is less than the speed of light. To ensure constency with cosmology, the tachyacoustic field must decay into standard model particles before reaching this point. See Ref. [27] for discussion.) From Eq. (59) we see that the range traversed of the field from a given N to the point c S = 1, which we take to be the endpoint of tachyacoustic evolution, is
which shows that the Cuscuton-like model passes the first swampland criterion, Eq. (56), and confirms the previous estimate in Eq. (47).
To test the second swampland conjectures, we rewrite the potential of the Cuscuton-like model (35) as
and substitute = 2 and s = −4 to have
Eq. (62) gives
where Eq. (37) is used in the second equality. A plot of |V (x)|/V versus c S is shown in Fig. 1 showing that the Cuscuton-like model is consistent with the criterion (2) for c S 1. In this limit, Eq. (63) reduces to 
where, from Eq. (20), we take s = −4. The Cuscutonlike model passes the second swampland criterion since |V (x)|/V is roughly proportional to the sound speed, consistent with the general relation (54).
B. the DBI-like model:s = s
Again considering the scale-invariant limit = 2 and s = −4, but withs = s for the DBI-like model, from Eq. (21), the field evolves as
In the DBI case, the condition C = 1 gives α ≡ φ 0 /M P = 1. The field excursion from a given N to the point c S = 1 is
which shows a strong violation of the first swampland criterion, Eq. (56), and confirms our estimate in Eq.
.
Next, to check the second swampland criterion we rewrite the potential (40) as
then substitute = 2, s = −4 and φ 0 = M P together with the change of variable x ≡ φ/M P to get
and 
V. CONCLUSIONS
In this paper, we consider tachyacoustic cosmology, an alternative to inflation theory with the speed of sound greater than the speed of light, in light of the widely discussed tension between the single-field inflation models and the de Sitter swampland conjectures [4] . We have studied the two models introduced in Ref. [27] , and have shown that the Cuscuton-like model is consistent with the swampland criteria (1, 2) but the DBI-like model fails both conditions. We have further proposed a general scaling rule for the field excursion
where β ≡ 2s/s, which shows that β < 0 is the condition to pass the first swampland criterion (1) with c S 1. Next, under the condition that the potential has leadingorder behavior of a power law in c S , we have shown that the logarithmic gradient of the scalar field potential scales as
in the scale invariant limit with a radiation-dominated background, which shows that β < 0 is also the condition to pass the second swampland criterion (2) . Therefore, if the potential of the scalar field satisfies this general form of potential, the two swampland criteria set the same condition on tachyacoustic cosmology. We conclude that, at least in principle, models which solve the cosmological horizon problem via a superluminal sound speed c S 1, instead of accelerated expansion, can be consistent with the proposed de Sitter swampland conjectures and can therefore be extended to a UV-complete theory. It is not, however, clear that such models can be consistently embedded in string theory: for example, braneworld realizations of Dirac-Born-Infeld Lagrangians generically require c S < 1 [37] . Some efforts at embedding Cuscuton-like models have been made [42, 43] , but it is conceivable that tachyacoustic models require a context other than string theory for completion in the UV. On the other hand, if such models do not have any consistent UV completion, it is the result of conditions other than proposed swampland conjectures.
